Aims The Arecoideae is the largest and most diverse of the five subfamilies of palms (Arecaceae/Palmae), containing .50 % of the species in the family. Despite its importance, phylogenetic relationships among Arecoideae are poorly understood. Here the most densely sampled phylogenetic analysis of Arecoideae available to date is presented. The results are used to test the current classification of the subfamily and to identify priority areas for future research. † Methods DNA sequence data for the low-copy nuclear genes PRK and RPB2 were collected from 190 palm species, covering 103 (96 %) genera of Arecoideae. The data were analysed using the parsimony ratchet, maximum likelihood, and both likelihood and parsimony bootstrapping. † Key Results and Conclusions Despite the recovery of paralogues and pseudogenes in a small number of taxa, PRK and RPB2 were both highly informative, producing well-resolved phylogenetic trees with many nodes well supported by bootstrap analyses. Simultaneous analyses of the combined data sets provided additional resolution and support. Two areas of incongruence between PRK and RPB2 were strongly supported by the bootstrap relating to the placement of tribes Chamaedoreeae, Iriarteeae and Reinhardtieae; the causes of this incongruence remain uncertain. The current classification within Arecoideae was strongly supported by the present data. Of the 14 tribes and 14 sub-tribes in the classification, only five sub-tribes from tribe Areceae (Basseliniinae, Linospadicinae, Oncospermatinae, Rhopalostylidinae and Verschaffeltiinae) failed to receive support. Three major higher level clades were strongly supported: (1) the RRC clade (Roystoneeae, Reinhardtieae and Cocoseae), (2) the POS clade (Podococceae, Oranieae and Sclerospermeae) and (3) the core arecoid clade (Areceae, Euterpeae, Geonomateae, Leopoldinieae, Manicarieae and Pelagodoxeae). However, new data sources are required to elucidate ambiguities that remain in phylogenetic relationships among and within the major groups of Arecoideae, as well as within the Areceae, the largest tribe in the palm family.
INTRODUCTION
The Arecoideae is the largest and most diverse of the five subfamilies recognized in the palm family (Arecaceae/ Palmae; Dransfield et al., 2008) . Almost 60 % of palm genera (107 out of 183) and .50 % of species (approx. 1300 out of approx. 2400) are included in this group. Arecoid palms are widespread in the tropics and sub-tropics, occurring principally in rain forest and, to a lesser extent, in some seasonally dry habitats. They display exceptional levels of endemism, most notably in the Americas and the Indo-Pacific region (including Madagascar). Ranging from minute forest floor palms to giant canopy trees and even climbers, arecoid palms often play a prominent role in determining forest composition (e.g. Peters et al., 2004) and biotic interactions (e.g. Galetti et al., 2006) . Some of the most important economic palms fall within the Arecoideae, such as oil palm (Elaeis guineensis), coconut (Cocos nucifera), betel nut palm (Areca catechu), peach palm (Bactris gasipaes) and many important species in the global horticultural trade (e.g. Dypsis lutescens, Howea forsteriana and Roystonea regia). Many taxa have important uses at local levels (Balick and Beck, 1990) .
The monophyly of subfamily Arecoideae as circumscribed in the current classification (Dransfield et al., 2005 (Dransfield et al., , 2008 is strongly supported by a substantial body of phylogenetic evidence (Uhl and Dransfield, 1987; Asmussen et al., 2000 Asmussen et al., , 2006 Asmussen and Chase, 2001; Lewis and Doyle, 2002; Baker et al., 2009) . Morphological characters that define the arecoid clade and distinguish it from other subfamilies include the presence of reduplicately pinnate leaves, highly differentiated primary inflorescence bracts and floral triads. The floral triad is a cluster of three unisexual flowers, comprising a central female flower flanked by two male flowers. All arecoid palms bear triads or a derivative thereof, with the exception of tribe Chamaedoreeae, which produces a unique floral cluster known as an acervulus (Uhl and Moore, 1978) or solitary flowers. Outside arecoids, triads are only found in tribe Caryoteae (Coryphoideae), which is the main reason for the erroneous placement of this tribe within Arecoideae in the earlier classification of Uhl and Dransfield (1987) . The differentiated primary inflorescence bracts of Arecoideae contrast with those of most other subfamilies, which are usually conspicuous and relatively uniform throughout the main axis of the inflorescence. In arecoids, however, the primary bracts subtending the first-order branches (rachis bracts) are always highly reduced, and well-developed bracts occur only on the peduncle. This feature is shared with subfamily Ceroxyloideae, the sister of Arecoideae (Asmussen and Chase, 2001; Asmussen et al., 2006; Baker et al., 2009) .
Many aspects of phylogenetic relationships among arecoid palms remain poorly understood (Dransfield et al., 2008) , which creates a substantial obstacle to comparative research on this important group of plants. Phylogenetic relationships among arecoid palms have primarily been investigated within broader family-wide studies (e.g. Asmussen and Chase, 2001; Asmussen et al., 2006) , including the most recent study of this kind that includes all genera (Baker et al., 2009) . The two studies (Hahn, 2002a; Savolainen et al., 2006) in which phylogenies of Arecoideae were specifically reconstructed lacked adequate sampling and a full systematic analysis, respectively. Nevertheless, this research, along with important contributions on sub-clades of Arecoideae (Gunn, 2004; Roncal et al., 2005; Loo et al., 2006; Norup et al., 2006; Cuenca and Asmussen-Lange, 2007; Cuenca et al., 2008 Cuenca et al., , 2009 , provided sufficient evidence for the circumscription of monophyletic tribes and sub-tribes in the current classification (Dransfield et al., 2005 (Dransfield et al., , 2008 . In total, 14 tribes and 14 sub-tribes are recognized (Table 1) . The largest tribe, Areceae, contains 11 of the 14 sub-tribes and includes ten genera that have not yet been placed to sub-tribe due to inadequate phylogenetic evidence. The remaining three sub-tribes fall within tribe Cocoseae. Although the majority of the clades recognized in the classification of Arecoideae are well supported, some groups (e.g. subtribes Basseliniinae and Dypsidinae) are less robust. Published studies have failed to provide consistent assessments of relationships among the major lineages of arecoids. Only two highly supported major clades stand out, namely a group comprising Areceae, Euterpeae, Geonomateae, Leopoldinieae, Manicarieae and Pelagodoxeae, termed the core arecoid clade by Dransfield et al. (2008; Hahn, 2002a, b; Lewis and Doyle, 2002; Baker et al., 2009) , and a group consisting of Podococceae, Oranieae and Sclerospermeae, here termed the POS clade (Uhl et al., 1995; Hahn, 2002b; Lewis and Doyle, 2002; Dransfield et al., 2008; Baker et al., 2009) .
In this paper, we present the most densely sampled phylogenetic analysis of subfamily Arecoideae yet published based on DNA sequence data from low-copy nuclear DNA regions. We use our phylogenetic hypotheses to evaluate the systematic evidence for the classification of Dransfield et al. (2005 Dransfield et al. ( , 2008 and explore relationships among tribes and sub-tribes, reviewing our results in the context of existing phylogenetic data. The aim is to provide an assessment of confidence in phylogenetic hypotheses for arecoid groups and determine priorities for future research.
MATERIALS AND METHODS

Taxon sampling
Representatives of all 14 tribes and 14 sub-tribes of subfamily Arecoideae recognized in the classification of Dransfield et al. (Dransfield et al., 2005 (Dransfield et al., , 2008 ( 2005, 2008) were included in this study. Notably, 103 of the 107 genera (96 %) of Arecoideae were sampled (see Appendix).
Including outgroups, 190 palm species were included. In contrast to previous studies, more than one exemplar species was included for many genera, targeting those groups with reported delimitation problems. In addition, representatives of all tribes of subfamily Ceroxyloideae, the sister group of Arecoideae, were sampled. Six outgroups were selected from the three remaining subfamilies, Calamoideae, Coryphoideae and Nypoideae. Trees were rooted on Eremospatha wendlandiana (Calamoideae) based on the expanding body of evidence that Calamoideae are sister to all remaining palms (Asmussen et al., 2006; Baker et al., 2009) . DNA sequence data were gathered from two low-copy nuclear regions, intron 4 of PRK, the gene encoding the Calvin cycle enzyme phosphoribulokinase, and intron 23 of RPB2, the gene for the second largest subunit of RNA polymerase II. Both have been widely used in palm molecular phylogenetic studies (Lewis and Doyle, 2002; Gunn, 2004; Roncal et al., 2005 Roncal et al., , 2008 Roncal et al., , 2010 Loo et al., 2006; Norup et al., 2006; Savolainen et al., 2006; Thomas et al., 2006; Trénel et al., 2007; Cuenca et al., 2008 Cuenca et al., , 2009 Eiserhardt et al., 2011) , providing robust evidence for relationships at intermediate and lower taxonomic levels that more slowly evolving plastid regions have failed to reveal. These DNA regions have also been exploited in other angiosperm groups (Denton et al., 1998; Oxelman and Bremer, 2000; Oxelman, 2001, 2004; Oxelman et al., 2004; Pfeil et al., 2004; Popp et al., 2005; Eggens et al., 2007; Fijridiyanto and Murakami, 2009; Frajman et al., 2009; Schulte et al., 2009; Russell et al., 2010; Sass and Specht, 2010) .
DNA extraction, amplification and sequencing
Extraction, polymerase chain reaction (PCR) amplification and sequencing protocols are described in detail by Norup et al. (2006) . For the amplification of PRK, we used the primers of Lewis and Doyle (2002) that are specific to their PRK paralogue 2. The primers amplify PRK intron 4 and partial exons 4 and 5 (717F, 5 ′ -GTGATATGGAAGAA CGTGG-3 ′ ; 969R, 5 ′ -ATTCCAGGGTATGAGCAGC-3 ′ ). Primers published by Roncal et al. (2005) and Loo et al. (2006) were used for RPB2 (forward, 5 ′ -CAACTTATTGAGT GCATCATGG-3 ′ ; reverse, 5 ′ -CCACGCATCTGATATCC AC-3 ′ ). Where preliminary amplification or sequence results suggested the presence of more than one copy of either region, PCR products were cloned as described by Norup et al. (2006) and up to five clones were sequenced. GenBank/EMBL accession numbers for all sequences are given in the Appendix.
DNA sequence alignment and phylogenetic analysis DNA sequences were assembled using Sequencher 4.1.2 software (Gene Codes Corp, Ann Arbor, MI, USA). Alignments of PRK and RPB2 were built upon the published data sets of Norup et al. (2006) into which new sequences were incorporated manually. All variable positions were verified against raw sequence data files to identify and correct base-calling errors. Ambiguously aligned regions were excluded from further analysis. Alignments may be downloaded from TreeBASE (www.treebase.org; accession number S11041).
The two data partitions were analysed separately and in combination. Phylogenetic analyses were conducted under maximum parsimony (MP) and maximum likelihood (ML) optimality criteria. Maximum parsimony analyses were conducted using the parsimony ratchet (Nixon, 1999) , a highly efficient method for analysis of large data sets that reliably finds optimal trees. PAUPRat (Sikes and Lewis, 2001 ) was used to implement the parsimony ratchet searches in PAUP* 4 . 0b10 (Swofford, 2002) . Twenty ratchet searches were conducted on each data set, with each search comprising 200 ratchet iterations with 15 % of characters perturbed in each iteration and a single tree saved per iteration. Characters were treated as unordered and equally weighted (Fitch, 1971) , and indels were handled as missing data. On completion, the most parsimonious trees from all 20 searches were compiled into a single file and filtered to retain only the shortest trees. Branch lengths and statistics were calculated with parsimony-uninformative characters excluded and DELTRAN character optimization. Node support was assessed with PAUP* by conducting 1000 bootstrap iterations, each comprising a single search with simple taxon entry order and TBR swapping, saving a maximum of five trees per search (Salamin et al., 2003) . The results were summarized in a 50 % majority rule consensus tree.
Maximum likelihood analyses were conducted using RAxML version 7 . 2 . 7 (Stamatakis, 2006; Stamatakis et al., 2008) on the CIPRES portal teragrid (www.phylo.org ; Miller et al., 2010) . Maximum likelihood bootstrap analyses and the inference of the optimal tree were conducted simultaneously. The optimal tree was inferred using a GTR + G model, whereas a similar yet more computationally efficient model was employed for the 1000 bootstrap iterations (GTR with optimization of substitution rates and site-specific evolutionary rates categorized into 25 distinct rate categories).
The congruence among data sets was assessed by scrutinizing the phylogenetic results carefully to identify highly supported [bootstrap percentage (BP) .85 %] conflicting relationships (e.g. Wiens, 1998) . The partition homogeneity test (incongruence length difference test; Farris et al., 1994 Farris et al., , 1995 was not used because its results have been shown to be misleading (Dolphin et al., 2000; Lee, 2001; Reeves et al., 2001; Yoder et al., 2001; Barker and Lutzoni, 2002; Darlu and Lecointre, 2002) .
RESULTS
PRK and RPB2 DNA sequences
Edited DNA sequences of PRK and RPB2 were highly variable in length. PRK sequences ranged from 354 bp (Pinanga coronata and P. simplicifrons) to 1112 bp (Dypsis lanceolata) with a mean length of 607 bp (total: 208 sequences). RPB2 varied from 554 bp (Cocos nucifera) to 1115 bp (Syagrus smithii) with a mean of 802 bp (total: 206 sequences). Due to this length variation, many indels were introduced into the alignment of both data sets. In some regions, DNA sequences could not be aligned unambiguously due to high levels of sequence divergence. For this reason, 140 and 248 bp were excluded from analyses of PRK and RPB2 data sets, respectively. The remaining 1562 bp of the PRK alignment contained 615 variable positions and 360 parsimony-informative characters. For RPB2, the 1273 unambiguously aligned positions included 615 variable positions and 451 parsimony-informative characters (Table 2) .
Cloning proved necessary in five taxa for PRK (Clinosperma lanuginosa, Cyphophoenix alba, Masoala kona, M. madagascariensis and Pseudophoenix vinifera) and seven taxa for RPB2 (Burretiokentia grandiflora, Ceroxylon quindiuense, Dypsis ambilaensis, D. hiarakae, Lemurophoenix halleuxii, Marojejya insignis and Roystonea regia). In both DNA regions, clonal variation was characterized by rare single nucleotide polymorphisms and, less frequently, short indels. In all but two instances (PRK, Pseudophoenix vinifera; RPB2, Roystonea regia) more than two copy types were identified, indicating that allelic variation alone cannot account for clonal diversity. In most cases, clones were resolved as exclusive groups in our phylogenetic analyses (Supplementary Data Figs. S1 and S2, available online) or, if not as a group, these nodes were poorly supported (Figs 1 and 2). In two pairs of closely related taxa (PRK, Masoala kona and M. madagascariensis; RPB2, Dypsis ambilaensis and D. hiarakae) some highly supported intermixing of clones was identified. In addition, all clones of PRK for Masoala kona and M. madagascariensis (Areceae: Dypsidinae) isolated in this study formed a highly supported group on a long branch in a position sister to all remaining Areceae (Fig. 2) . Closer inspection revealed stop codons in the exons of clones 2 -5 of M. kona and clones 1 and 4 of M. madagascariensis, suggesting that these divergent clones may represent pseudogenes. An additional, apparently functional PRK sequence of M. madagascariensis published previously (Lewis and Doyle, 2002) was resolved with strong support among the remaining Areceae with other members of sub-tribe Dypsidinae, in which the genus Masoala is placed in the classification of Dransfield et al. (2005 Dransfield et al. ( , 2008 .
Taxa lacking sequences for either of the DNA regions were excluded from the combined analysis. Where multiple clones were available, one clone selected at random was incorporated into the combined data set. Due to the divergent and apparently pseudogenic nature of the Masoala clones and the systematically consistent nature of the M. madagascariensis data generated by Lewis and Doyle (2002) , the latter sequence was selected for the combined analysis. The combined data set comprised 2835 bp of unambiguously aligned sequence data for 173 species, including 1076 variable positions and 771 parsimony-informative characters
Phylogenetic analyses
For MP analyses, .90 % of the trees saved in the parsimony ratchet searches of the PRK, RPB2 and combined data sets attained the shortest tree length. For each data set, all 20 ratchet searches converged on the same shortest tree length. A strict consensus of the MP trees is given for each data set in Figs 1 -4, annotated with MP and ML BPs .50 % that are consistent with this topology. These topologies may also be downloaded from TreeBASE (www.treebase.org; accession number S11041). The optimal ML tree recovered for each data set is provided in Supplementary Data Figs S1 -S3 (available online). Tree statistics for all analyses are provided in Table 2 . The results of MP and ML analyses were highly congruent, with a high degree of correspondence between bootstrap percentages. Two incongruences between PRK and RPB2 were highly supported (BP .85 % for both ML and MP BPs). These related to the placement of tribes Reinhardtieae, Iriarteeae and Chamaedoreeae (see below for further discussion).
The parsimony analyses of both PRK [MP tree length, 1460; consistency index (CI), 0 . 45; retention index (RI), 0 . 78; rescaled consistency index (RC), 0 . 35] and RPB2 (MP tree length, 1562; CI, 0 . 52; RI, 0 . 79; RC, 0 . 41) yielded generally well-resolved strict consensus trees with numerous nodes supported with BP .50 %. Topologies and bootstrap support were strongly consistent with results of ML analyses (PRK, log likelihood -11 864 . 24; RPB2, log likelihood -12 435 . 05). Subfamily Arecoideae, all of its tribes and seven out of the 14 sub-tribes of Arecoideae were supported by PRK. Results from RPB2 were similar, except that tribe Cocoseae was not resolved as monophyletic. Despite generally good resolution, major polytomies occurred near to the base of Arecoideae in general and within tribe Areceae in particular. The strict consensus tree of the combined analysis (MP tree length, 2855; CI, 0 . 48; RI, 0 . 74; RC, 0 . 36) was more highly resolved than that of either PRK or RPB2 analyses, included more nodes supported with BP .50 %, and was consistent with ML results (log likelihood -23 307 . 22). The monophyly of Arecoideae, all tribes except for Cocoseae and nine of the 14 sub-tribes (excluding Basseliniinae, Linospadicinae, Oncospermatinae, Rhopalostylidinae and Verschaffeltiinae) was supported. However, while relationships at the base of Arecoideae were better resolved, large polytomies were still present within tribe Areceae. Full details of the relationships recovered by our analyses are discussed below.
DISCUSSION PRK and RPB2 in arecoid palms
In common with all preceding studies, we found PRK and RPB2 to be highly informative DNA regions for phylogeny reconstruction in palms. Both regions yielded substantial numbers of informative characters, and resultant topologies were both well resolved and strongly supported, with a few exceptions such as in tribe Areceae. Paralogous copies of both regions were discovered in a small proportion of taxa, but the fact that different copy types largely formed monophyletic groups (or more rarely group with a closely related species) and show minimal divergence suggests that they result from recent duplication events or a combination of allelic variation and recent duplication. We acknowledge that PCR error may also account for some of this diversity (Pfeil et al., 2004) . No evidence was found to suggest that we had accidentally isolated either the longer paralogue 1 of PRK reported by Lewis and Doyle (2002) or the divergent paralogue 3 of Thomas et al. (2006) . The basal divergence in Areceae between the cloned PRK putative pseudogenes of Masoala kona and M. madagascariensis (Fig. 2) implies an older duplication event within the tribe and subsequent change rendering most, if not all, of these copies non-functional. Putative PRK pseudogenes have also been recovered previously in tribe Chamaedoreeae (Thomas et al., 2006) . It is puzzling that we failed to recover a sequence for
Masoala that corresponded to that obtained by Lewis and Doyle (2002) Fig. 1 for further details and key to abbreviations. The taxon labelled Masoala madagascariensis L&D represents the PRK sequence published by Lewis and Doyle (2002) .
biases towards different copy types, although no further evidence of this is seen elsewhere in our data. In the large majority of taxa, however, we experienced no difficulty in amplifying what appears to be a single copy of each target region, consistent with the finding of several other palm studies utilizing these genes (Roncal et al., , 2008 Loo et al., 2006; Trénel et al., 2007; Cuenca et al., 2008 Cuenca et al., , 2009 ). Although numerous topological differences exist between PRK and RPB2 phylogenetic trees, we regard only two as strongly supported incongruence (Fig. 1) . First, tribe Iriarteeae falls in a clade with the six tribes of the core arecoid clade (88/92 BP; MP BP/ML BP), whereas RPB2 places it as sister to tribe Chamaedoreeae (90/93 BP). The combined analysis reaches an intermediate solution, with Iriarteeae sister to the core arecoid clade and then forming a group that is sister to Chamaedoreeae, but these relationships are not as strongly supported as those recovered in the analyses of separate data partitions. Secondly, Reinhardtieae are sister to Roystoneeae in the PRK tree (86/94 BP), but nested within Cocoseae as sister to Attaleinae in the RPB2 tree (99/ 100 BP). Here, the combined analysis retains the sister group relationship between Reinhardtieae and Attaleinae as recovered by RPB2, but with lower support (60/67 BP). The reduction in bootstrap support for relationships of these groups in the combined analysis makes it clear that these are incongruent results. The causes of this incongruence are uncertain.
Higher-level relationships
Monophyly of subfamily Arecoideae is supported by both PRK and RPB2 independently and receives high support in the combined analysis. The combined analysis places Arecoideae sister to Ceroxyloideae, as suggested by the broadest family-wide studies (Asmussen and Chase, 2001; Ceroxyloideae as paraphyletic with poor support, and RPB2, which resolves Coryphoideae as sister to Arecoideae with moderate to high support. These findings do not substantially undermine the body of evidence supporting the sister relationship of Arecoideae and Ceroxyloideae, but indicate that alternative hypotheses may yet come to light from the nuclear genome that contradict the status quo, which has been heavily influenced by large plastid DNA data sets.
We compared the inter-tribal relationships recovered in this study with those found by previous authors (Fig. 5 ). It is important to note that these studies are not entirely independent of each other. For example, the plastid DNA analyses of Hahn (2002a) and Asmussen et al. (2006) overlap because both used rbcL, and all eight of the plastid regions used in these studies, as well as PRK and RPB2, were among the 16 data sets analysed by Baker et al. (2009) . Nevertheless, because data sampling, taxon sampling and methodologies varied among these studies, the similarities FIG. 5. Summary trees depicting inter-tribal relationships resolved in this study compared with the three most relevant previous studies (Hahn, 2002a; Asmussen et al., 2006; Baker et al., 2009) . Note that tribe Pelagodoxeae was not sampled by Hahn (2002a) . Plastid DNA regions sampled by Hahn (2002a) were atpB, rbcL, ndhF, trnQ-rps16 and trnD-trnT, and those sampled by Asmussen et al. and differences in their results provide an indication of confidence in the resultant phylogenetic hypothesis. Several higher level relationships stand out, notably the core arecoid clade, the POS clade and the Roystoneeae -Reinhardtieae -Cocoseae clade (here termed the RRC clade), and these are discussed below.
Iriarteeae and Chamaedoreeae
Our results strongly support monophyly of Chamaedoreeae and Iriarteeae. As explained above, incongruent placements of tribe Iriarteeae are resolved by RPB2 and PRK. These results contrast with those obtained by previous family-wide studies that moderately supported Iriarteeae as sister to all other Arecoideae (Asmussen and Chase, 2001; Hahn, 2002a; Asmussen et al., 2006; Baker et al., 2009) and Chamaedoreeae as sister to all Arecoideae excluding Iriarteeae (Hahn, 2002a; Baker et al., 2009) . However, the high support for alternatives given by PRK and RPB2 is a cause for concern and merits closer scrutiny with new data.
The intergeneric relationships within Chamaedoreeae found by other authors in analyses of PRK, RPB2 and a number of plastid regions (Thomas et al., 2006; Cuenca and Asmussen-Lange, 2007; Cuenca et al., 2008 Cuenca et al., , 2009 ) are largely consistent with our findings. Only the moderately supported sister relationship between Gaussia and Synechanthus (combined, 79/85 BP) conflicts with prior studies which resolved a moderately supported sister relationship between Gaussia and Chamaedorea (Cuenca et al., , 2009 ).
The RRC clade: Roystoneeae, Reinhardtieae and Cocoseae
In partitioned and combined analyses we find moderate support for a clade comprising tribes Roystoneeae, Reinhardtieae and Cocoseae (Fig. 5, clade 4 ; combined, 73/ 92 BP; PRK, 59/70 BP; RPB2, ,50/ , 50 BP, but resolved in the RPB2 ML tree, see Supplementary Data Fig. S2 , available online). The RRC clade was also resolved by Baker et al. (2009) with moderate support, but apart from scant evidence from plastid DNA (e.g. trnL -trnF analyses of Asmussen and Chase, 2001), this relationship is only recovered in studies that include data from PRK and RPB2. However, our confidence in these relationships is strengthened because PRK and RPB2 independently support the RRC clade. Alternatives hypotheses, summarized by Dransfield et al. (2008) , are not strongly supported.
As outlined above, PRK and RPB2 yield highly supported incongruent placements of Reinhardtieae within the RRC clade, the former placing it sister to Cocoseae (Fig. 5, clade 5) , the latter nested with Cocoseae sister to sub-tribe Attaleinae. However, the sister group relationship of Reinhardtieae to Cocoseae is widely supported in other studies (Hahn, 2002a; Asmussen et al., 2006; Baker et al., 2009) , including independent analyses based on plastid DNA data, which increases our confidence in this relationship. Potential morphological synapomorphies for this relationship include the fibrous leaf sheath, incomplete splits near the rachis (windows) in the leaf and the well-developed staminodial ring in the female flower.
Within Cocoseae, PRK, RPB2 and combined analyses support the monophyly of the three sub-tribes and the sister relationship between Elaeidinae and Bactridinae that has been identified previously (Hahn, 2002a; Gunn, 2004; Asmussen et al., 2006; Baker et al., 2009; Eiserhardt et al., 2011) . In contrast to the study of Gunn (2004) of PRK in Cocoseae, in which a divergent copy of PRK was isolated from Barcella that did not resolve with Elaeis, the remaining genus of Elaeidinae, our Barcella PRK sequences resolved as sister to Elaeis. Our results also support earlier findings that the Neotropical genera of Attaleinae and pantropical Cocos form a monophyletic group to the exclusion of the Madagascan (Beccariophoenix and Voanioala) and African (Jubaeopsis) genera (Gunn, 2004; Baker et al., 2009; Meerow et al., 2009; Eiserhardt et al., 2011) .
The POS clade: Podococceae, Oranieae, Sclerospermeae
The POS clade (Podococceae, Oranieae and Sclerospermeae) is supported by our combined analysis (Fig. 5 , clade 2; 81/99 BP), adding confidence to a relationship that has been recovered partially or completely by several other studies (Uhl et al., 1995; Hahn, 2002b; Lewis and Doyle, 2002; Baker et al., 2009) . Our study and that of Baker et al. (2009) provide strong support for a sister relationship between Oranieae and Sclerospermeae (Fig. 5, clade 3 ; 99/100 BP), although weak support for a sister relationship between Sclerospermeae and Podococceae was found by Lewis and Doyle (2002) . The strongly supported relationship between Podococceae and Cyclospatheae (Ceroxyloideae) of Hahn (2002a) appears to be anomalous. The three tribes of the POS clade are highly distinctive morphologically, and synapomorphies for the group have not been identified. Each tribe comprises a single genus, with Podococcus and Sclerosperma endemic to the rain forest of tropical West Africa, and Orania disjunctly distributed between Madagascar and South-East Asia. Our study provides weak evidence that the POS clade is sister to the RRC clade, whereas Baker et al. (2009) provided stronger support for a sister relationship to the core arecoid clade.
Core arecoid clade
Our combined analysis strongly supports the core arecoid clade (Dransfield et al., 2008) , comprising Areceae, Euterpeae, Geonomateae, Leopoldinieae, Manicarieae and Pelagodoxeae (Fig. 5, clade 1; 87/96 BP) . The MP strict consensus of the PRK analysis includes a strongly supported clade of the core arecoid tribes plus Iriarteeae, but the core arecoid clade itself is not resolved. However, the ML bootstrap analysis of PRK does support the core arecoid clade (70 BP), which is also present in the ML tree ( Supplementary Data Fig. S1 ). RPB2 moderately supports the clade, excluding Manicarieae. The appearance of this group in numerous phylogenetic studies (Uhl et al., 1995; Doyle, 2001, 2002; Hahn, 2002a; Norup et al., 2006; Savolainen et al., 2006; Baker et al., 2009) indicates that a variety of independent data sources point to the same relationship. Morphological synapomorphies for this apparently robust clade have not yet been identified.
The monophyly of the tribes within the core arecoid clade is strongly supported (excluding monogeneric Leopoldinieae and Manicarieae). Within the core arecoids, various contrasting topologies have been resolved. Only a sister relationship between Geonomateae and Manicarieae is highly supported in multiple studies (Asmussen et al., 2006; Baker et al., 2009) , although our combined analysis places Manicarieae as sister to the remaining core arecoid tribes (83/95 BP). Moderately supported clades involving Areceae and Euterpeae appear in several studies, for example Hahn (2002a) and, with the addition of Pelagodoxeae, Baker et al. (2009) . A weakly supported clade including Areceae, Euterpeae, Leopoldinieae and Pelagodoxeae is resolved by our combined analysis (50/69 BP), apparently due to signal from the RPB2 partition. Although molecular data indicate that Areceae, Euterpeae and Pelagodoxeae are well supported and distinct lineages (Dransfield et al., 2008) , the lack of morphological differentiation between the three groups supports the hypothesis of relationships. These three tribes share a distinctive pseudomonomerous gynoecium structure in which only one of three carpels contains a fertile ovule, whereas the remaining core arecoids (and most other Arecoideae) possess a more conventional anatomy with all three carpels containing a functional ovule [the 'triovulate-tricarpellate' gynoecium of Dransfield et al. (2008) ].
Areceae and Geonomateae
Two of the core arecoid tribes, Areceae and Geonomateae, have been the focus of in-depth phylogenetic studies based on PRK and RPB2 in the past (Roncal et al., , 2010 Norup et al., 2006) . Our sampling of Geonomateae was less dense than that of Roncal et al., but the findings of the two studies are entirely congruent. For Areceae, however, we substantially augmented the sampling of Norup et al., who had included only one species per genus, except for their focal genera Heterospathe and Rhopaloblaste. The Areceae includes 59 genera and is the largest tribe of palms. We sampled all 59 genera and 123 of the 660 species, facilitating a wide assessment of subtribal and generic monophyly.
As expected, our findings are broadly congruent with those of Norup et al. (2006) . We recovered the western Pacific clade (Archontophoenicinae, Basseliniinae, Carpoxylinae, Clinospermatinae, Linospadicinae, Ptychospermatinae, Rhopalostylidinae, Dransfieldia and Heterospathe) in the PRK and combined analyses but with ,50 BP, although the sister position of Sri Lankan Loxococcus to this group was moderately supported (PRK, 56/78 BP; combined, 60/77 BP) . The presence of only three staminodes in the female flower is a synapomorphy for the group comprising the western Pacific clade and Loxococcus (Nadot et al., 2011) . The Indian Ocean clade that Norup et al. (2011) recovered with ,50 BP in their combined analysis was resolved only in our PRK analysis, again with weak support. Despite the biogeographic integrity of these clades (Baker and Couvreur, 2011) , additional taxon sampling has not improved phylogenetic confidence in them. In general, large polytomies pervade our results for Areceae, precluding many further inferences regarding deeper relationships among sub-tribes.
Despite widespread phylogenetic ambiguity, evidence for monophyly of six of the 11 subtribes of Areceae is obtained. Archontophoenicinae are resolved with weak support in separate analyses and highly supported in the combined analysis (88/94 BP). All three analyses indicate that Actinorhytis is sister to the remaining Archontophoenicinae comprising the Australian and New Caledonian genera (Actinokentia, Archontophoenix, Chambeyronia and Kentiopsis; combined, 94/96 BP), a result not found by Norup et al. (2006) . RPB2 and the combined analysis place Archontophoenicinae sister to Calyptrocalyx, albeit with weak support (RPB2, 52/62 BP; combined, 62/71 BP; see below). All analyses provide strong support for the monophyly of Arecinae and the component genera, and for the sister relationship between Nenga and Pinanga, consistent with the findings of Loo et al. (2006) . All three data sets support the monophyly of Carpoxylinae (combined, 92/94 BP) and the sister relationship of Neoveitchia and Satakentia (combined, 100/100 BP). They also support monophyly of Clinospermatinae (combined, 99/99 BP) and its two genera, Clinosperma (combined, 96/97 BP) and Cyphokentia (combined, 67/84 BP), compatible with a recent re-classification of the group (Pintaud and Baker, 2008) . Monophyly of Ptychospermatinae is supported by all three analyses (combined, 82/88 BP), although only sub-clades of the group appear in the MP strict consensus tree of the RPB2 analysis. Some weakly to moderately supported incongruences in intergeneric relationships occur within the subtribe that may be resolved by sampling more densely. Madagascan Dypsidinae are resolved as monophyletic, but only in the combined analysis and with weak support (,50/57 BP). Disregarding the clade of putative paralogues from Masoala, the analyses of PRK and RPB2 do not contradict the sub-tribe's monophyly, but resolve various sub-clades with differing levels of support. Beyond shared geographical distribution, morphological synapomorphies for Dypsidinae have not been identified. Our results also indicate that the large and variable Dypsis may not be monophyletic, echoing earlier findings of Lewis and Doyle (2002) and calling into question the lumping of several smaller genera into a broadly defined genus Dypsis by previous workers (Dransfield and Beentje, 1995) .
The present data suggest that three sub-tribes of Areceae, Basseliniinae, Linospadicinae and Rhopalostylidinae, are not monophyletic. The PRK analysis provides equivocal results for Basseliniinae, resolving two weakly supported sub-clades of the group and a third comprising Lepidorrhachis only at a basal polytomy in the western Pacific clade. The RPB2 analysis is even less informative, except that a clade of Basselinia species and Burretiokentia grandiflora clone 1 is recovered in which Hedyscepe canterburyana (Rhopalostylidinae) is embedded (78/89 BP), rendering both Basseliniinae and Rhopalostylidinae non-monophyletic. A similar relationship persists in the combined analysis (excluding Burretiokentia grandiflora) with lower support (59/75 BP). Here, the group comprises a basal polytomy within the western Pacific clade with a clade comprising Burretiokentia, Cyphophoenix and Physokentia, and two lineages comprising Cyphosperma and Lepidorrhachis alone. Basselinia and Cyphophoenix are not monophyletic, though non-monophyly is not strongly supported. Nevertheless, the revised circumscriptions for these genera proposed by Pintaud and Baker (2008) are not fully corroborated here. Additional data are required to determine whether or not delimitation of Basseliniinae and its genera requires reconsideration.
More surprising than Basseliniinae is the non-monophyly of Linospadicinae. This group of four genera is well defined by shared vegetative characters as well as unique reproductive morphology within Areceae in which inflorescences are spicate with flowers developing in pits in the inflorescence axis. Non-monophyly for this group was first discovered by Norup et al. (2006) and later confirmed by Baker et al. (2009) , although strong support for this finding has not yet been recovered. We addressed this problem by substantially increasing species-level sampling in the group, especially in the largest genus Calyptrocalyx. We found all genera to be strongly supported (disregarding monotypic Laccospadix), but found no support for monophyly of the sub-tribe. Rather, we found moderate support for a sister relationship between Calyptrocalyx and Archontophoenicinae (combined, 62/71 BP), whereas the remaining genera form a robustly supported clade (combined, 99/99 BP) within a weakly supported group with Clinospermatinae and Dransfieldia. These findings call into question the delimitation of Linospadicinae and the interpretation of their putative morphological synapomorphies. Nevertheless, changes to the current limits of the sub-tribe cannot yet be justified due to remaining phylogenetic uncertainty and the need for evidence from alternative DNA regions.
Monophyly of two further sub-tribes, Oncospermatinae and Verschaffeltiinae, was not supported in our analyses. For these groups, highly supported sub-clades resolved at polytomies or as sister to other groups with no bootstrap support. Monophyly of these sub-tribes has been supported in previous analyses (e.g. Baker et al., 2009) , and our analyses provide insufficient evidence to undermine those findings.
Our results provide some insights into the relationships of the ten genera not yet placed to sub-tribe. Dransfieldia and Heterospathe fall within the western Pacific clade to which Loxococcus is sister. All remaining unplaced genera are part of the Indian Ocean group that is recovered as a clade only in the PRK analysis. Cyrtostachys is moderately supported as sister to Clinostigma (combined, 68/80 BP), whereas Dictyosperma is sister to Rhopaloblaste (combined, 84/92 BP).
Prospects
Our results provide widespread support for the majority of groups recognized formally in the current classification of Arecoideae (Dransfield et al., 2005 (Dransfield et al., , 2008 . They also give many insights into the relationships among these groups and corroborate findings obtained from other data sets. In particular, they provide confidence in three major clades, the core arecoid clade, the POS clade and the RRC clade. However, many areas of ambiguity remain: (a) relationships among the three major clades and tribes Chamaedoreeae and Iriarteeae; (b) relationships among the tribes of the core arecoid clade; and (c) relationships among the genera and sub-tribes of tribe Areceae. These three areas require research attention as a matter of priority, perhaps as part of a concerted research campaign on Arecoideae as a whole.
It is clear that available data sets are not sufficiently informative to answer all phylogenetic questions in Arecoideae, and new data sources are required. Despite the fact that plastid DNA is reported to be highly conserved in palms (Wilson et al., 1990; Gaut et al., 1992 Gaut et al., , 1996 Baker et al., 1999) , it has recently been used successfully to resolve relationships at lower taxonomic levels (Cuenca and Asmussen-Lange, 2007 ). Nevertheless, low-copy nuclear DNA regions have been shown to be more effective sources of data in palms (e.g. Trénel et al., 2007) . It is important that new regions of the nuclear genome are now investigated (e.g. Bacon et al., 2008) to build on existing understanding. However, conventional molecular phylogenetic approaches may prove insufficient to resolve these currently intractable groups. A substantial up-scaling of data production exploiting new genomic methods may be required to generate a much more robust phylogenetic hypothesis for this important group of palms.
SUPPLEMENTARY DATA
Supplementary data are available online at www.aob.oxford journals.org and consist of the following figures. Figure S1 : maximum likelihood tree from analysis of the PRK data set (log likelihood -11 864 . 24). Figure S2 : maximum likelihood tree from analysis of the RPB2 data set (log likelihood -12 435 . 05). Figure S3 : maximum likelihood tree from simultaneous analysis of the combined PRK and RPB2 data sets (log likelihood -23 307 . 22).
